Objective In previous studies using oesophageal squamous cells from patients with Barrett's oesophagus (normal oesophageal squamous (NES)-B cells) and from patients without Barrett's oesophagus (NES-G cells), we showed that acid and bile salts induced caudal-related homeobox transcription factor 2 (CDX2) expression only in NES-B cells. CDX2, a transcription factor required to form intestinal epithelium, is a target of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signalling, which can be inhibited by aspirin. We explored mechanisms underlying differences between NES-B and NES-G cells in CDX2 expression and effects of aspirin on that CDX2 expression. Design We exposed NES-B and NES-G cells to acid and bile salts, with and without aspirin, and evaluated effects on IκB-NF-κB-PKAc complex activation, p65 NF-κB subunit function, and CDX2 expression. Results In both NES-B and NES-G cells, acid and bile salts activated nicotinamide adenine dinucleotide phosphate oxidase to generate H 2 O 2 , which activated the IκB-NF-κB-PKAc complex. NES-B cells exhibited higher levels of phosphorylated IκB and p65 and greater NF-κB transcriptional activity than NES-G cells, indicating greater IκB-NF-κB-PKAc complex activation by acid and bile salts in NES-B cells, and p65 siRNA prevented their increased expression of CDX2. Aspirin blocked IκB phosphorylation, p65 nuclear translocation, CDX2 promoter activation and CDX2 expression induced by acid and bile salts in NES-B cells. Conclusions Differences between NES-B and NES-G cells in NF-κB activation by acid and bile salts can account for their differences in CDX2 expression, and their CDX2 expression can be blocked by aspirin. These findings might explain why some patients with GORD develop Barrett's oesophagus while others do not, and why aspirin might protect against development of Barrett's oesophagus.
INTRODUCTION
It has been estimated that 2-7% of adults in Western countries have Barrett's oesophagus, the condition in which an intestinal-type metaplastic mucosa at risk for malignancy replaces oesophageal squamous mucosa damaged by GORD. 1 2 Up to
Significance of this study
What is already known on this subject?
▸ Caudal-related homeobox transcription factor 2 (CDX2) directs the formation of intestinal epithelium and is judged to play a key role in the pathogenesis of Barrett's intestinal-type metaplasia. ▸ Acid and bile salts induce CDX2 expression in oesophageal squamous cell lines from patients with Barrett's oesophagus (normal oesophageal squamous (NES)-B cells), but not in those from patients who have GORD without Barrett's oesophagus (NES-G cells). ▸ CDX2 is a target of nuclear factor kappa -light-chain-enhancer of activated B cells (NF-κB) signalling, which can be inhibited by aspirin, but not by other non-steroidal anti-inflammatory drugs (NSAIDs). ▸ Some recent case-control studies have found that aspirin (but no other NSAID) protects against the development of Barrett's oesophagus.
What are the new findings?
▸ In both NES-B and NES-G cells, acid and bile salts activate nicotinamide adenine dinucleotide phosphate oxidase to generate H 2 O 2 , which activates the IκB-NF-κB-protein kinase A catalytic subunit (PKAc) complex. ▸ After exposure to acid and bile salts, NES-B cells exhibit much higher levels of phosphorylated IκB, phosphorylated p65, p50/p65 NF-κB heterodimer formation and NF-κB/p65 transcriptional activity than NES-G cells, indicating far greater activation of the IκB-NF-κB-PKAc complex by acid and bile salts in NES-B cells. ▸ siRNA inhibition of p65 in NES-B cells prevents the increase in expression of CDX2 induced by acid and bile salts. ▸ Aspirin blocks the increases in IκB phosphorylation, p65 nuclear translocation, CDX2 promoter activation and CDX2 expression induced by acid and bile salts in NES-B cell lines and, in primary cultures of NES-B cells, aspirin blocks the acid and bile salt-induced increase in CDX2 promoter activation.
40% of Western adults report symptoms of GORD, and it is not clear why only a minority of those individuals develop
Barrett's oesophagus. 3 We have previously demonstrated that there are differences among individuals in molecular pathways activated when oesophageal squamous epithelial cells are exposed to acid and bile salts, the noxious agents in refluxed gastric juice, and we have proposed that those differences might determine whether the GORD-damaged oesophagus heals through the process of squamous cell regeneration or through metaplasia with the development of Barrett's oesophagus. [4] [5] [6] [7] [8] A number of epidemiological studies have suggested that the use of aspirin and other non-steroidal anti-inflammatory drugs (NSAIDs) protects against the development of oesophageal adenocarcinoma, the cancer that develops from Barrett's metaplasia. 9 10 Interestingly, some recent case-control studies have found that aspirin protects against the development of Barrett's metaplasia among individuals with symptoms of GORD, while other NSAIDs do not. 11 12 It is not clear why protection against Barrett's metaplasia should be limited to aspirin, but no other NSAID. Both aspirin and non-aspirin NSAIDs exert some of their beneficial effects by inhibiting the cyclooxygenase enzymes that generate prostaglandins from arachidonic acid. 13 14 Unlike other NSAIDs, however, aspirin also inhibits the pro-inflammatory nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway. 15 In the pancreas, NF-κB signalling has been shown to play a key role in the molecular reprogramming process that underlies pancreatic acinar-to-ductal metaplasia. 16 Therefore, the putative, unique protective effect of aspirin against the development of Barrett's metaplasia might be attributable to aspirin's inhibitory effect on NF-κB that is not shared by other NSAIDs.
NF-κB is not activated in normal oesophageal squamous (NES) epithelium, but this transcription factor is activated in oesophageal epithelium inflamed by GORD. 17 In earlier studies, we showed that acid and bile salts induce NF-κB pathway signalling in oesophageal squamous cells. 6 18 Another important transcription factor that might be influenced by NF-κB signalling is caudal-related homeobox transcription factor 2 (CDX2), a key developmental transcription factor that directs the formation of intestinal epithelium. 19 20 CDX2 messenger RNA (mRNA) and protein are found frequently in biopsy specimens of the intestinal-type metaplasia of Barrett's oesophagus. [21] [22] [23] [24] The CDX2 promoter contains two putative NF-κB binding sites. 25 A number of studies have demonstrated that acid and bile salts can increase activity of the Cdx2 promoter and increase Cdx2 mRNA expression in cultured oesophageal squamous cells from rats and some human subjects. [26] [27] [28] [29] Like NF-κB, CDX2 expression has been found in biopsy specimens of human oesophagus that is inflamed by GORD, but not in biopsies of the uninflamed oesophagus. 24 In animal models of reflux oesophagitis, the reflux-damaged oesophageal epithelium exhibits increased Cdx2 expression before the appearance of a Barrett's-like metaplasia. [30] [31] [32] These studies suggest that CDX2 expression by inflamed oesophageal squamous epithelium might herald the development of Barrett's oesophagus, and that CDX2 expression might be a consequence of NF-κB pathway signalling.
In earlier studies, we found that acid and bile salts induced CDX2 expression in oesophageal squamous cells from patients with Barrett's oesophagus, but not from GORD patients without Barrett's oesophagus. 6 In squamous cells from patients with Barrett's oesophagus, furthermore, we found that acid and bile salts stimulated the p50 and p65 NF-κB subunits to translocate to the nucleus, but only the p50 subunit bound the CDX2 promoter and induced CDX2 expression. 6 In the present study, we explored mechanisms underlying our observation that acid and bile salts induce CDX2 expression only in oesophageal squamous cells from patients with Barrett's oesophagus, and whether aspirin might inhibit that expression.
MATERIALS AND METHODS

Culture of primary oesophageal squamous cells and oesophageal squamous cell lines
We used four non-neoplastic, telomerase-immortalised oesophageal squamous (NES) cell lines that were created from endoscopic biopsy specimens of squamous epithelium in the distal oesophagus of GORD patients with Barrett's oesophagus (NES-B3T and NES-B10T) and GORD patients without Barrett's oesophagus (NES-G2T and NES-G4T). 5 6 For brevity, in the remainder of the report we will refer to the two squamous cell lines from GORD patients with Barrett's oesophagus simply as NES-B cells, and the two squamous cell lines from GORD patients without Barrett's oesophagus simply as NES-G cells. We also established primary cultures of oesophageal squamous epithelial cells (NES-B3P, NES-B6P and NES-B7P) from the distal oesophagus of three GORD patients with Barrett's oesophagus using techniques as previously described. 6 These studies were approved by the institutional review board of the Dallas VA Medical Center. Primary cell cultures and cell lines were co-cultured with a fibroblast feeder layer and maintained in growth medium as previously described. 33 34 Primary cell cultures and cell lines were maintained at 37°C in a 5% CO 2 incubator. For individual experiments, primary cell cultures and cell lines were seeded equally into collagen IV-coated wells (BD Biosciences, San Jose, California, USA) in the absence of fibroblast feeder layers and maintained in growth medium.
Acid and bile salt exposure Cells were exposed to one of three different experimental media: (1) acidic full growth medium (brought to a pH of 4.0 with 1 M HCl), (2) neutral bile salt medium (containing conjugated bile acids with a total concentration of 400 mM at pH 7.2 as previously described by us 6 ) or (3) acidic bile salt medium (the same bile acid solution at pH 4.0). Neutral full growth Significance of this study How might it impact on clinical practice in the foreseeable future? ▸ Our finding of major differences between NES-B cells and NES-G cells in the degree to which acid and bile salts activate NF-κB can account for their differences in CDX2 expression, which might explain why some patients with GORD develop Barrett's oesophagus while others do not. ▸ Our finding that aspirin blocks the increase in NF-κB activity induced by acid and bile salts in NES-B cells might explain the finding of some case-control studies that aspirin protects against the development of Barrett's metaplasia while other NSAIDs do not. ▸ Our findings provide a rationale for clinical trials on aspirin for preventing the development of Barrett's oesophagus in patients with GORD, and for preventing the recurrence of Barrett's metaplasia in patients treated with radiofrequency ablation.
medium ( pH 7.2) served as the control medium. For the 24 hour exposures, the pH of the acidic full-growth medium and the acidic bile salt medium was adjusted to pH 5.5.
Aspirin treatment
For western blotting experiments, cells were pretreated with 100 mM aspirin (Sigma) for 2 hours, after which acid and bile salt medium containing aspirin was added for 30 min. Cell lysates were then collected. For reverse transcription-PCR experiments, cells were pretreated with 100 mM aspirin (Sigma) for 2 hours, after which acid and bile salt medium containing aspirin was added for 24 hours. Total RNAs were then collected. Following transfection with the CDX2 promoter, cell lines and primary cell cultures were pretreated with 100 mM aspirin (Sigma) for 2 hours. For experiments in the cell lines, acid and bile salt medium containing aspirin was added for 60 min, then removed and replaced with neutral pH medium for 6 hours; for experiments in primary cell cultures, acid and bile salt medium containing aspirin was added for 24 hours. Cell extracts were then assayed for luciferase activities. Neutral full growth medium ( pH 7.2), with or without aspirin, served as controls. Additional details are provided in the online supplementary material and methods section and supplementary table S1.
RESULTS
Nuclear translocation of p50 and p65 NF-κB subunits is greater in NES-B cells than in NES-G cells following acid and bile salt exposure
At baseline, we found that NES-B cells and NES-G cells have similar levels of cytoplasmic and nuclear p65 and p50 proteins ( figure 1A ). In agreement with our earlier studies, 6 treatment with acid, bile salts or a combination of both eliminated any detectable cytoplasmic levels of p65 and p50, and resulted in markedly increased nuclear levels of both p50 and p65 NES-B cells (figure 1B). In contrast, treatment of NES-G cells with acid and bile salts reduced, but did not eliminate, cytoplasmic levels of p50 and p65, and resulted in increased nuclear levels of p50 with only a slight increase in nuclear levels of p65 (figure 1B, C and see online supplementary figure S1).
In earlier studies using NES-B cells, we found that, although acid and bile salt exposure caused nuclear translocation of both p50 and p65, only the p50 subunit bound to the CDX2 gene promoter and increased CDX2 expression. 6 In the present study using NES-G cells, chromatin immune-precipitation assay showed only minimal binding of p50 and p65 to CDX2 promoter DNA in untreated NES-G cells at baseline ( figure 1D ). Although acid and bile salt exposure caused nuclear translocation of p50 in NES-G cells, that nuclear translocation was not accompanied by increased binding of p50 to the CDX2 promoter ( figure 1D ). These findings reveal considerable differences between oesophageal squamous cells from GORD patients with and without Barrett's oesophagus in how acid and bile salts activate NF-κB and provide a molecular explanation for our earlier observation that acid and bile salts did not increase CDX2 expression in NES-G cells. 6 In addition to p50, increased nuclear levels of p65 are required for acid and bile salts to induce CDX2 promoter activation in oesophageal squamous cells As discussed, in NES-B cells, exposure to acid and bile salts causes nuclear translocation of both the p50 and p65 NF-κB subunits and activation of the CDX2 promoter, but only the p50 subunit binds the promoter. In NES-G cells, in contrast, acid exposure causes nuclear translocation of the p50 subunit, and that p50 does not bind the CDX2 promoter. One potential explanation for p50 activation of the CDX2 promoter in NES-B cells is that the increase in nuclear levels of p65 is greater than that observed in NES-G cells. Even though p65 does not bind the promoter directly, perhaps such a large increase in nuclear levels is required for promoter activation. To explore this possibility, we knocked down p65 using a specific small inhibitory RNA (siRNA) in one NES-B cell line (NES-B10T) in which we had previously demonstrated an increase in CDX2 promoter activity with acidic bile salt exposure. 6 Figure 2A demonstrates that transfection with p65 siRNA indeed knocked down p65 protein in NES-B10T whole-cell lysates at baseline and following exposure to acid, bile salts and acidic bile salts. Compared with control cells, the NES-B10T cells with p65 knockdown showed only a slight reduction in p50 nuclear translocation after treatment with acid, bile salts or acidic bile salts (figure 2B). However, the acid and bile salt-induced increase in CDX2 promoter activity seen in control cells was virtually abolished by p65 knockdown ( figure 2C ). These findings demonstrate that increased nuclear levels of p65 as well as p50 are essential for acid and bile salts to activate the CDX2 promoter in oesophageal squamous cells.
Acid and bile salts cause a slight increase in p50/p65 heterodimer formation and a strong decrease in IκB-and PKAc-bound p65 in NES-B cells, but not in NES-G cells
The p50 and p65 NF-κB subunits form a heterodimer that, in unstimulated cells, is held inactive in the cytoplasm by being bound to a member of the inhibitory IκB protein family. 35 36 This IκB-NF-κB complex can be activated through phosphorylation of the IκB protein, which is then degraded, releasing the p50/p65 heterodimer and enabling it to translocate to the nucleus. We performed immunoprecipitation for p50 followed by western blotting for p65 to confirm that these NF-κB proteins form heterodimers in NES-G2T and NES-B10T cell lines ( figure 3A) . Unstimulated, both cell lines exhibited p50/p65 heterodimer formation. Exposure to acid, bile salts and acidic bile salts caused a minimal increase in heterodimer formation in NES-G2T cells, and a slight increase in heterodimer formation in NES-B10T cells ( figure 3A) . Next, we performed immunoprecipitation for p65 followed by western blotting for IκB to determine the amount of p65 bound to IκB in the cytoplasm. In both NES-G cell lines, exposure to acid, bile salts and acidic bile salts caused only a minimal decrease in IκB-bound p65 ( figure 3B ). In contrast, these same exposures caused a marked decrease in the amount of p65 that remained bound to IκB in the NES-B cells ( figure 3B ). The heterodimer formation and transcriptional activity of the p65 subunit can be regulated by phosphorylation of p65 through the catalytic subunit of protein kinase A (PKAc), another component of the IκB-NF-κB complex. 36 37 Using immunoprecipitation for p65, we found figure 3B ). In both NES-G cell lines, exposure to acid and bile salts caused only a minimal change in PKAc-bound p65 ( figure 3B ). In NES-B cells, in contrast, exposure to the combination of acid and bile salts virtually eliminated PKAc binding to p65 ( figure 3B ).
Acid and bile salts increase NF-κB/p65 transcriptional activity in NES-B cells, but not in NES-G cells
Phosphorylation of IκB at Ser32 and Ser36 leads to its ubiquitination and rapid proteasomal degradation, releasing the p50/p65 heterodimer complex and enabling it to translocate to the nucleus. 35 Signals that cause degradation of IκB also can result in activation of PKAc, which phosphorylates p65 at Ser276, stimulating its transcriptional activity. 35 37 We found that exposure to acid, bile salts and acidic bile salts markedly increased phosphorylation of both IκB (Ser32/36) and p65 (Ser276) in NES-B cells ( figure 4A ). In contrast, these same exposures caused a smaller increase in IκB phosphorylation, with only a minimal increase in p65 phosphorylation in NES-G cells ( figure 4A ). Using an NF-κB reporter construct, we found that treatment with acidic bile salts significantly increased NF-κB/p65 transcriptional activity in NES-B cells, but not in NES-G cells ( figure 4B ).
Oesophageal squamous cells exposed to acidic bile salts generate H 2 O 2 via the NADPH oxidase system to cause phosphorylation of IκB and p65
Both IκB degradation and PKAc activation have been linked with generation of reactive oxygen species (ROS) and, in earlier studies, we demonstrated that oesophageal squamous cells exposed to acidic bile salts generate ROS via the nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) system. Since H 2 O 2 is the principal ROS produced by the NADPH oxidase system, we treated NES cells with PEG-catalase (a hydrogen peroxide (H 2 O 2 ) scavenger) or diphenylene iodonium (DPI) (an NADPH oxidase inhibitor), exposed them to acidic bile salts and performed western blots for phospho-IκB (Ser32/36) and phospho-p65 (Ser276). Both PEG-catalase (figure 4C) and DPI (figure 4D) prevented acidic bile salts from increasing phosphorylation of IκB and p65 in NES-G4T and NES-B10T cells. This suggests that acidic bile salts activate the Phosphorylation of IκB (Ser32/36), a critical step in NF-κB activation, is the major function of the IκB kinase (IKK)β protein. 35 In an earlier study, we showed that acidic bile salts activate IKKβ, which in turn phosphorylates IκB in NES-B10T cells. 39 To prevent NF-κB activation, therefore, IKKβ is the logical target. IKKβ is a target of aspirin, but not of non-aspirin NSAIDs. 15 In earlier studies, we found that acid and bile salts induced CDX2 expression in NES-B cells, but not in NES-G cells. 6 Therefore, we treated only the NES-B cells with acidic bile salts and aspirin (100 mM) and assessed IκB and p65 phosphorylation as well as CDX2 promoter activity and mRNA expression. Aspirin treatment abolished the acidic bile saltinduced increase in phosphorylation of IκB but not p65 ( figure  5A ) and blocked the increase in p65 nuclear translocation (figure 5B). Furthermore, aspirin eliminated the increase in CDX2 promoter activity induced by acidic bile salts in NES-B10T cells (figure 5C), and aspirin abolished the increase Aspirin blocks acid and bile salt-induced CDX2 promoter activation in primary oesophageal squamous cells from patients with Barrett's oesophagus Using primary oesophageal squamous cell cultures established from endoscopic biopsies obtained from three patients with Barrett's oesophagus ( primary NES-B3, NES-B6 and NES-B7), we confirmed the effects of aspirin on CDX2 promoter activation induced by acidic bile salts. As in the oesophageal squamous cell lines, treatment with acidic bile salts caused a significant increase in CDX2 promoter activity that was blocked by aspirin treatment in all three primary cell cultures (figure 6). A schematic model summarising mechanisms elucidated by our study is provided in figure 7 .
DISCUSSION
Our exploration of mechanisms whereby acid and bile salts induce CDX2 expression in oesophageal squamous cells from patients with Barrett's oesophagus (NES-B cells), but not in those from GORD patients without Barrett's oesophagus (NES-G cells) has yielded a number of novel findings. In both NES-B cells and NES-G cells, we have shown that acid and bile salts activate the NADPH oxidase system to generate H 2 O 2 , which activates the IκB-NF-κB-PKAc complex through a series of phosphorylations. However, there is far greater activation of this complex in NES-B cells, as evidenced by our finding of much higher levels of phosphorylated IκB and phosphorylated p65 in NES-B cells than in NES-G cells exposed to the same concentrations of acid and bile salts. As a result of the limited IκB-NF-κB-PKAc complex activation in NES-G cells, the p65 NF-κB subunit remains bound to IκB in the cytoplasm and, unlike the p50 subunit, p65 does not translocate to the nucleus. This is important because we also have shown that increased nuclear p65 protein levels are required for CDX2 promoter activation by acid and bile salts, even though it is only p50 that binds the promoter. Finally, we have demonstrated that aspirin, which can prevent IKKβ from activating IκB, blocks the phosphorylation of IκB, nuclear translocation of p65, activation of CDX2 promoter and expression of CDX2 mRNA induced by acid and bile salts in NES-B cells.
In earlier reports, we proposed that differences among individuals in the oesophageal molecular pathways activated by refluxed acid and bile salts might determine whether reflux oesophagitis heals through squamous cell regeneration or through the process of columnar metaplasia. [4] [5] [6] [7] [8] Our present study has elucidated major differences between oesophageal cells from GORD patients with and without Barrett's oesophagus in the degree of IκB-NF-κB-PKAc complex activation by acid and bile salts. Those differences can explain our earlier observation that acid and bile salts induce CDX2 expression in NES-B cells, but not in NES-G cells. CDX2 is a key homeotic gene required for development of intestinal-type columnar epithelium and, in animal models of reflux esophagitis, expression of CDX2 in oesophageal squamous cells heralds the development of intestinal metaplasia. [30] [31] [32] Thus, differences among patients in the degree to which reflux induces oesophageal activation of the IκB-NF-κB-PKAc complex (and hence NF-κB signalling leading to the expression of CDX2) might determine whether GORD results in the development of Barrett's intestinal-type metaplasia. It remains unclear whether the progenitor cells for Barrett's metaplasia reside in the oesophagus (in squamous epithelial basal cells or in cells of the oesophageal gland ducts) or in the gastric cardia. 40 In any case, the ability to express CDX2 (as do NES-B cells) appears to be a prerequisite for the development of intestinal-type metaplasia. 41 NF-κB activity can be triggered by a variety of signals, all of which ultimately converge on a common target-the cytoplasmic IκB-NF-κB-PKAc complex. 37 Phosphorylation of IκB protein in the complex leads to its degradation, which releases both PKAc and the p65 NF-κB subunit. 37 Signals that trigger IκB degradation also can activate PKAc to phosphorylate p65 (Ser276), a post-translational modification that favours p50/p65 heterodimer formation and stimulates p65 transcriptional activity. 36 37 42 Moreover, the intensity of PKAc activation has been shown to correlate with the loss of PKAc bound to p65 in immunoprecipitation experiments. 37 Using immunoprecipitation and western blotting, we found that PKAc indeed was present in complex with IκB and p65 in our oesophageal squamous cells. We also found that acid and bile salts caused a strong decrease in p65 bound to IκB and to PKAc, which was accompanied by a slight increase in p50/p65 heterodimer formation and a significant increase in NF-κB/p65 transcriptional activity in NES-B cells, but not in NES-G cells.
The association among NSAIDs, Barrett's metaplasia and Barrett's cancers remains a highly controversial topic, and different studies sometimes have arrived at contradictory conclusions. For example, one recent investigation that used meta-analytic methods on pooled data from case-control studies conducted in the BEACON Consortium found no significant association between the use of NSAIDs (including aspirin) and the presence of Barrett's oesophagus. 43 Our molecular investigations have yielded a potential explanation for case-control studies finding that aspirin protects against the development of Barrett's oesophagus, while other NSAIDs do not. 11 12 Unlike other NSAIDs, aspirin blocks ATP binding to IKKβ, thus disabling its principal function of phosphorylating IκB. 35 We found that aspirin in a concentration of 100 mM abolished the increases in phospho-IκB, CDX2 promoter activation and CDX2 mRNA expression induced by acid and bile salts in NES-B10T cells. We were not surprised that aspirin had no effect on the phosphorylation of p65 because this is an effect of PKAc, an enzyme that is not inhibited by aspirin. Using three primary squamous cell cultures from GORD patients with Barrett's oesophagus, we confirmed that aspirin blocks acid and bile salt-induced CDX2 promoter activation. Patients who take aspirin for chronic inflammatory diseases have serum concentrations in the range of 1000-5000 mM and, therefore, a serum concentration of 100 mM is readily achievable with oral dosing. 15 Thus, we have elucidated a molecular mechanism whereby aspirin might protect against the development of Barrett's oesophagus in GORD patients whose squamous epithelium expresses CDX2 in response to the reflux of acid and bile.
Finally, our findings might have important implications for management of Barrett's patients treated with radiofrequency ablation (RFA), which is now the endoscopic procedure of Figure 6 Aspirin blocks caudal-related homeobox transcription factor 2 (CDX2) promoter activation by acidic bile salts in primary cultures of oesophageal squamous epithelial cells from patients with Barrett's oesophagus (normal oesophageal squamous (NES)-B3, NES-B6, NES-B7). Bar graphs represent the mean±SEM. *p<0.05 compared with non-acidic bile salt-treated controls; **p<0.01 compared with non-acidic bile salt-treated controls. A&B, acidic bile salts. choice for eradicating dysplastic Barrett's oesophagus. 3 RFA uses a catheter-based balloon harbouring electrodes that deliver radiofrequency energy to the metaplastic mucosa, inflicting an extensive, circumferential thermal injury. Patients are then treated with proton pump inhibitors (PPIs) to control acid reflux and enable healing of the ablated metaplastic columnar mucosa with neo-squamous epithelium. Early studies suggested that Barrett's metaplasia recurrence rates after RFA were low, but recent studies have shown much higher recurrence rates, approaching 50% of patients within 4 years in some reports. 44 The origin of these recurrences is not clear, but it seems likely that they result from GORD-induced oesophageal injury that is not entirely prevented by PPI therapy. PPIs, even in high dosages, do not normalise oesophageal acid exposure in many patients with Barrett's oesophagus and bile acid reflux continues despite PPI therapy. 45 If the pathogenesis of recurrent Barrett's metaplasia involves refluxed acid and bile salts triggering activation of the IκB-NF-κB-PKAc complex, with NF-κB signalling leading to the expression of CDX2, then aspirin treatment might interrupt this process. Thus, our findings provide a molecular rationale for clinical trials of aspirin (in combination with PPIs) to block NF-κB activation in oesophageal epithelial cells so as to prevent recurrent Barrett's metaplasia after RFA.
In conclusion, we have demonstrated that there are substantial differences between oesophageal squamous cells from GORD patients with and without Barrett's oesophagus in the intensity with which acid and bile salts activate the NF-κB pathway. Although acid and bile salts increase the production of H 2 O 2 via the NADPH oxidase system in oesophageal squamous cells of both types of GORD patients, the H 2 O 2 activates the NF-κB pathway sufficiently to cause CDX2 expression only in squamous cells of the Barrett's patients. Furthermore, we found that we could block the CDX2 expression induced by acid and bile salts by using aspirin to inhibit the phosphorylation of IκB. These findings elucidate molecular mechanisms that might explain why some GORD patients develop Barrett's oesophagus while others do not, and why aspirin appears to protect against the development of Barrett's oesophagus in some recent casecontrol studies. These results also provide a rationale for clinical trials on aspirin for the prevention of recurrent Barrett's metaplasia after RFA. Figure 7 Schematic demonstrating mechanism whereby refluxed acid and bile salts cause nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway activation resulting in caudal-related homeobox transcription factor 2 (CDX2) expression in oesophageal squamous cells of patients with Barrett's oesophagus. Refluxed acid and bile salts stimulate nicotinamide adenine dinucleotide phosphateoxidase (NADPH) to generate hydrogen peroxide (H 2 O 2 ), which activates IκB kinase (IKK)β, which in turn activates the IκB-NF-κB-protein kinase A catalytic subunit (PKAc) complex through phosphorylation of IκB. This leads to the degradation of IκB, which releases the p50/p65 heterodimer. PKAc in the activated IκB-NF-κB-PKAc complex phosphorylates p65, inducing further formation of p50/p65 heterodimers, which translocate to the nucleus to stimulate transcription of NF-κB p50 target genes (eg, CDX2) that might play a role in columnar metaplasia. By blocking the activity of IKKβ, aspirin can stop NF-κB signalling and CDX2 expression. Thus, aspirin might protect against the development of Barrett's oesophagus in GORD patients whose squamous epithelium is predisposed to heal reflux esophagitis through metaplasia rather than squamous cell regeneration.
